The effects of surface traps on surface flashover remain controversial. To clarify the relation between surface flashover and surface trap level, in this work, the surface trap level of epoxy composites was modified by nanoparticles incorporation, electron beam irradiation, and ozone treatment. Surface trap characteristics were analyzed by surface potential decay. Surface flashover voltages were measured in a vacuum for dc voltage and in SF 6 for ac voltage. The ''U-shaped'' curve is founded to describe the relation between surface flashover voltage and surface deep trap level, surface flashover voltage first decreases and then increases with surface deep trap level. Enhancement of surface flashover voltage is attributed to reduced surface charge density, which was calculated by a double-trap flashover model. The simulation results indicate that the surface charge density on left side of ''U-shaped'' curve is controlled by surface shallow traps, whereas that on the right side is determined by surface deep traps. The effects of surface shallow and deep traps on surface charge accumulation and dissipation are used to demonstrate the reduced surface charges and improved surface flashover voltage for the ''U-shaped'' curve. The proposed ''U-shaped'' curve offers a promising way to improve surface flashover performance for high-voltage applications by tailoring surface trap characteristics with surface modifications.
I. INTRODUCTION
Epoxy resins (EP) with excellent mechanical and electrical performance are used extensively in advanced spacecraft and extra-high voltage power applications [1] - [5] . However, surface flashover is an intractable problem for that epoxy-based equipment because the surface flashover voltage is lower than the breakdown voltage with the same gap distance [6] . Therefore, it's important to improve surface flashover performance for epoxy resin. There are several factors influence surface flashover, such as voltage waveforms, gas species, materials, surface charge, and the shape of insulators and electrodes, etc. [7] - [9] . In particular, surface charge characteristics are The associate editor coordinating the review of this manuscript and approving it for publication was Jenny Mahoney. closely linked to surface flashover and have been increasingly studied in recent research [10] - [14] . It is widely acknowledged that charges accumulating on a solid surface distort the local electric field and increase the probability of surface flashover performances [15] . Hence, surface modifications are necessary to reduce surface charges and improve the surface flashover performance of EP.
Several physical and chemical surface modifications can be used for polymer dielectrics, such as heat treatment, electron beam irradiation, plasma treatment, fluorination treatment, ozone treatment, surface coating, and nanoparticles incorporation. [16] - [19] . Notably, surface trap characteristics, which are crucial factors for surface charges and surface flashover, are also changed by these surface modification methods [16] , [17] , [20] - [22] . Therefore, many studies have VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ investigated the effects of surface traps on surface flashover by surface modifications. Yu et al. [20] incorporated nano-TiO 2 into EP and investigated the relation between surface flashover voltage and surface trap level. A higher surface trap level suppressed the electron emission processes and improved surface flashover voltage, this effect was supported in [16] , [23] , [24] . Shao [17] et al. treated EP using plasma and founded surface flashover voltage decreases with surface trap level. A reduced surface trap level accelerated surface charge dissipation and improved surface flashover voltage, which was supported in [15] , [17] , [18] , [21] , [22] . These studies show that surface flashover voltage has an inverse relation to surface trap level. To date, the effects of surface traps on surface flashover remain controversial.
To address the controversial relationship between surface flashover and surface trap, In this work, epoxy composites are surface-modified by nanoparticles incorporation, electron beam irradiation and ozone (O 3 ) treatment, surface trap characteristics were analyzed by surface potential decay curves, dc and ac surface flashover voltages were measured in a vacuum and in SF 6 respectively, Surface charge density and electric field distributions were calculated by a double traps flashover model. ''U-shaped'' curves for the relationship between surface flashover voltage and surface trap level were established in various gas species and voltage forms, and effects of surface traps on surface flashover were investigated.
II. METHODS

A. SAMPLE PREPARATION
Liquid state bisphenol-A E-51 EP (ρ = 1.03 g/cm 3 ) was used. The curing agent was tetrahydromethylphthalic anhydride (type GH-9303, ρ = 1.21 g/cm 3 ), nano-titania [TiO 2 , 10-30 nm diameter, treated by KH560, (2,3-epoxypropoxy) propytri-methoxysilane] and micro-alumina (Al 2 O 3 , 1 µm diameter) were selected as fillers, the accelerating agent for epoxy was tris(dimethylaminomethyl)phenol (DMP-30).
The procedures for preparing epoxy microcomposites and nanocomposites were as follows: particles were heated at 80 o C for 12 h before sample preparation, and were grinded (only for nanoparticles) and added into the curing agent. An IKA T25 high-speed shearing machine was used to disperse nanoparticles for 15 min at 5200 r/min. For both nanocomposites and microcomposites, the turbid liquid was stirred 2000 r/min and defoamed 2200 r/min both for 10 min using a THINKY blender. To disperse particles, An ICQ-100KDE ultrasonic equipment with a power level of 99 W was used for 10 min. Then accelerating agent and epoxy resin were added into the turbid liquid and the processes of stirring, defoaming, and ultrasonic treatment were repeated. The epoxy composites were cured at 80 o C for 4 h and then at 120 o C for 8 h.
The filler contents of four epoxy nanocomposites were 0.5 wt%, 1 wt%, 2 wt%, 5 wt% (named x wt%, x is weight percentage of nano-TiO 2 ), and that of epoxy microcomposites was 60 wt% (named Micro). The samples were cleaned by ethanol for 10 min with ultrasonic equipment, and then dried at 60 o C for 12 h.
B. SURFACE MODIFICATION
Epoxy microcomposites samples were placed onto the constructed platform in a vacuum chamber. The bottom sides of the samples were connected with the ground. An electron gun was located approximately 400 mm above the platform. The gas pressure was lower than 5×10 −4 Pa. The beam current was set to 5 µA and then the aluminum plate for electronic gun was removed. The electron beam energy were 5 keV, 10 keV, and 20 keV (named x keV, x is electron beam energy) respectively. Irradiation was maintained for 5 min.
Epoxy microcomposites samples treated by ozone were hanged on the metal holders in the chamber, a CF-G40 ozone treatment machine was used to generate O 3 into chamber. The gas pressure of the chamber was 0.14 MPa and the O 3 concentration was 140 mg/L. The samples were treated for 0.5 h, 1 h, 2 h, and 4 h (named x h, x is O 3 treatment time) as the gas pressure was maintained.
C. SURFACE POTENTIAL DECAY
The isothermal surface potential decay (SPD) system comprises aa dc charging unit, a surface potential recording unit and a temperature control unit. The whole SPD system was first stablized at 30 o C. Then the sample surfaces were charged for 2 min with -10 kV for the grid electrode and -6 kV for the needle electrode. Then, the specimens were moved down to the noncontracted type surface potential electrostatic voltmeter (Trek0809). The surface potential was recorded, and the surface potential at a sample interval was 1 s. The samples were 1.5 mm. The scheme of SPD equipment is shown in Fig. 1 .
D. SURFACE FLASHOVER MEASUREMENT
Surface flashover voltage was tested using a high voltage measurement chamber. The chamber was evacuated by a mechanical pump and a molecular pump to a gas pressure of 3×10 −3 Pa for surface flashover test in vacuum. SF 6 gas was injected to 0.2 MPa for surface flashover test in SF 6 . The chamber was kept stable for 10 min before thesurface flashover test.
Stainless steel finger type electrodes with a 5 mm gap distance and a 20 mm tip diameter were used to test the surface flashover. The ac voltage raised with 1 kV/s, and a step-raising method was used to test dc surface flashover voltage with 2 kV at each step. The voltage was stable for 30 s at each step. Six measurements were done for each specimen and three specimens were tested for each kind of epoxy composite. The surface flashover voltage was recorded as four or continuous discharges were observed. The surface flashover voltage was the averaged flashover values. The scheme of the flashover measurement system is shown in Fig. 2 .
E. CALCULATION OF SURFACE FLASHOVER VOLTAGE
A Matlab R Program was used to calculate surface flashover voltage, surface charge density and electric field distribution. In that program, we compared the effects of deep and shallow surface traps on the charge transport process. The double-trap flashover calculation program is comprised of 6 steps [6] , [25] , [26] : 1) Set initial physical parameters. Input sample thickness, permittivity, voltage rise rate. 2) Grid discretization. Divided the discharging gap into 500 equal parts above and below the solid surface. The interval calculation time is 0.005 s 3) Initialized grid parameters. Set charge density, electric field and current density to zero. 4) Select a representative surface trap, we use the surface trap which has a higher value of P tr /P de (P tr and P de are the probabilities for carrier trapping and detrapping). 5) considering surface charges transport process. Calculate current density, electric field and surface charge density by the Poisson's equation, the continuity equation of the electrical current, the charge transport equation, the spatial integration of electric field equation, the injected current, and the trapping and detrapping dynamics equation. 6) Calculate flashover voltage. Set a critical current value for triggering flashover, as the current is higher than the critical value, stop the program and record the applied flashover voltage. Fig. 4a shows the surface trap characteristics of the epoxy nanocomposites. In Fig. 4a , for 0 wt% samples, the surface shallow and deep trap level is 0.995 eV and 1.039 eV respectively. As filler contents increase, the surface deep trap level increases to 1.082 eV for 2 wt% sample. As filler loadings further increase, surface deep trap level and density decreases rapidly. Surface trap characteristics can be tailored by the interfacial properties of the nanoparticle matrix by introducing various filler contents of nanoparticles into the epoxy. Nanoparticles connect with molecular chains by ionic bonds, covalent bonds, hydrogen bonds, and some other strong interaction forces. Electrostatic barriers are established at the interface region, and some unsaturated functional groups on the nanoparticle surfaces capture the electrons to maintain electrostatic balance [27] , [28] . As filler contents first increase, carriers are captured by the unsaturated bonds at the interfacial region, which suppresses charge transport on the solid surface, surface deep trap level and density increase. As filler contents further increase, the distances between nanoparticles decrease and the interfacial region gradually overlaps. The interaction between nanoparticles and the matrix are weakened, thus surface deep trap level and density decrease. Fig. 4b shows the surface trap characteristics for the epoxy microcomposites irradiated by the electron beam. Because many traps are introduced by microparticles, the trap characteristics of the Micro samples are different from 0wt%. Fig. 4b shows that the surface deep trap level increases with irradiation beam energy. the sample with an electron beam energy of 20 keV and a surface deep trap level of 1.072 eV improved compare with the Micro sample of 0.997 eV, whereas the surface shallow trap level barely changed. Simultaneously, the surface shallow trap density decreases and the deep trap density increases with the electron beam energy. An electron beam with high energy breaks the side and terminal groups of epoxy molecular chains, and many free radicals and terminal groups are generated [16] , [29] . Free radicals and terminal groups have strong abilities to capture the carriers; as a result, some shallow traps are converted to deep traps by electron beam irradiation. As the electron beam energy increases, the capacity for bond breaks increases, and thus the surface deep trap level and density further increase. Fig. 4c shows the surface trap characteristics of the epoxy microcomposites treated by O 3 . As treatment time increases, the surface trap level clearly decreases, the surface deep trap density decreases and shallow trap density increases. The O 3 reacts with hydroxyl and generates carbonyl in epoxy molecular chains [21] , [30] . The polarity of ''C = O'' bonds is lower than that of ''-OH'' bonds, which indicate that the carriers were not easily captured by the O 3 treatment, and surface deep traps are converted to shallow traps [30] . As treatment time increases, many hydroxyl groups are generated, the surface deep trap density decreases and the shallow trap density increases. Fig. 5a shows surface flashover voltages of epoxy nanocomposites in a vacuum with dc voltage and in SF 6 with ac voltage. The surface flashover voltage of 0 wt% samples are 33.07 kV and 22.56 kV in a vacuum and in SF 6 respectively. As filler contents increase, the surface flashover voltage increases up to 2 wt%. The surface flashover voltage of 2 wt% samples are 37.85 kV and 26.61 kV, which improve 14.45% and 16.62% compare with those of pristine EP in the vacuum and in SF 6 . As filler contents further increase, the surface flashover voltage decreases both in the vacuum and in the SF 6 . For 5 wt% samples, the surface flashover voltage decreases 8.01% and 4.43% compare with those of 0 wt% samples. electrons bump onto the solid surface; secondary electron emission; secondary electron avalanche; gas adsorption-/desorption; gas molecule collision ionization; plasma migration; and surface flashover path formation [3] , [7] - [9] , [31] , [32] . Initial electrons are emitted from triple junction points by an applied external field, and some positive space charges are trapped on the solid surface. Surface positive charges attract the charges transported on solid surface; as a result, accelerated electrons strike the solid surface and excite the trapped secondary electrons. These secondary electrons constantly acquire energy from the electrical field and restrike the solid surface to generate more secondary electrons, which causes an electron avalanche and a further accumulation of positive charges on the solid surface. On the other hand, the secondary electrons collide with the gas molecules in the adsorption/desorption layer to cause impact ionization, finally forming a fast and highly conductive plasma near the anode. Surface flashover path is formed as the plasma extends to anode electrode.
III. RESULTS
A. SURFACE TRAP CHARACTERISTICS
B. SURFACE FLASHOVER PERFORMANCES
Surface flashover is strongly related to surface charge density. Generally, accumulated positive charges distort the electric field on the solid surface, which reduces surface flashover performance. Therefore, it is important to investigate the effects of surface traps on surface charge density. Surface trap characteristics influence mainly trapping and detrapping processes for carriers. The trapping and detrapping probability are described in [33] :
where, µ 0 is carrier mobility in m 2 /V·s (the value of µ 0 is calculated by SPD curve, which is described in Appendix C), υ ATE is attempted escape frequency in s −1 , E t is surface trap level in eV, N t (E t ) is surface trap density in eV −1 ·m −3 . ε 0 is permittivity in vacuum (8.854×10 −12 F/m), ε r is the relative permittivity. k B is Boltzmanm constant (1.382×10 −23 J/K). T is temperature in K. e is charge quantity (1.602×10 −19 C). The value of P tr /P de determines the importance of surface traps in charge transport process [33] , [34] . In the doubletrap flashover model, we use the surface trap characteristics that have the larger P tr /P de value to calculate surface charge density and electric field distribution. The surface shallow trap is the representative trap for the ozone treatment samples, whereas the surface deep trap is preferred for nanocomposites and electron beam irradiation samples. Fig. 7 shows surface charge densities and electric field distributions of epoxy composites when the applied voltage is -15 kV. Electric fields are severely distorted near the cathode and large amounts of positive charges are accumulated in this area. For the nanocomposites in Fig. 7a , the surface charge density and the electric field near the cathode firstly decreases and finally increases with filler contents. For the microcomposites irradiated by electron beam in Fig. 7b , the surface charge density and the electric field near the cathode decreases with irradiation energy. For the microcomposites treated by O 3 in Fig. 7c , the surface charge density and electric field decreases with ozone treatment duration. From Fig. 5 and 7 , the accumulated positive charges distort local electric field and decrease surface flashover voltage, which is appropriate for both sides of the ''U-shaped'' curve. However, the effects of surface traps on the surface flashover performances at the two sides of the curve are different. Fig. 8a1 , the electrons are emitted by a distorted electric field at triple junction point, and left behind lots of positive charges near the cathode. Since surface conductivity and mobility are high in this case, the surface charges near the cathode are likely to dissipate to the bulk and the surface. Electrons in the gas are accelerated by the electric field. Because some positive charges accumulate on the dielectric surface, electrons are attracted and strike the solid surface; Some of electrons stimulated the secondary electrons, and some positive charges are generated on the dielectric surface, the surface charges probably dissipate along the surface or into the bulk as well. Secondary electrons acquire energy from the electric field and re-strike the surface to generate lots of secondary electrons. Those electrons collide with gas molecules and cause impact ionization. Lots of positive ions generated by impact ionization and secondary electrons form plasma. The surface flashover is triggered as the plasma extends to the anode. In these physical processes, as the deep trap level increases, surface conductivity and carrier mobility are reduced by the increase of surface shallow trap level and the decrease of shallow trap density. The trapped positive charges on the solid surface are hard to dissipate along the surface and into the bulk. The surface electrical field is severely distorted by the accumulated positive charges, so the surface flashover voltage decreases, which is shown in Fig. 8a2 . In this case, surface flashover characteristics of epoxy composites are dominated by shallow trap level and density, and surface flashover voltage decreases with the increase of deep trap level on the left side of ''U-shaped'' curve.
For the right side of ''U-shaped'' curve in Fig. 8b1 , the flashover physical processes are similar to that on the left part of ''U-shaped'' curve, but there are still some differences. In this case, surface conductivity and mobility are low, and surface and bulk dissipation are not crucial influence factors for surface flashover. As surface deep trap level increases, the electrons are hardly to be emitted from the cathode and solid surface, and initial and secondary electron emission processes are suppressed. The neutral molecules not easily ionized by injected electrons and the amount of surface positive charges are reduced. The local electric field on the solid surface becomes uniform, and surface flashover voltage increases in Fig. 8b2 . On the right part of ''U-shaped'' curve, surface flashover characteristics are determined by deep trap, and the behaviors of surface deep traps in surface flashover development indicates that surface flashover voltage increases with deep trap level. Fig. 9 shows the experimental and calculated surface flashover voltages of epoxy composites in SF 6 with 0.2 MPa gas pressure. The minimum value of surface deep trap level for the lowest surface flashover voltage is 1.015 eV. The surface flashover voltage is enhanced 25.27% and 22.25% for the experimental and simulation results, respectively. Both flashover voltages decrease and then increase with surface deep trap level. The simulation results closely agree with the experimental results. And the ''U-shaped'' curve is further verified by surface flashover simulation.
Finally, the different mechanisms of ac flashover and dc flashover need to be discussed. Ac flashover voltage is always less than the dc flashover voltage [37] , [38] . As mentioned previously, surface charge characteristics plays an important role in surface flashover. For ac surface flashover, the applied voltage changes very quickly, and the carriers captured in traps do not have enough time to escape from the traps. Therefore, the surface charge density of samples under an ac supply is higher than that under a dc supply with the same applied voltage, the electric field distorts and flashover voltage decreases, which is supported in [39] . Surface traps play the same roles in ac and dc flashover physical process, i.e. capture the carriers and accumulate surface charge. However, the difference between dc and ac flashover voltages is account for the time taken by carriers to escape from the traps.
V. CONCLUSION
In this work, the surface trap level of epoxy composites were surface-modified by nanoparticles incorporation, electron beam irradiation, and ozone treatment. The relationship between surface flashover and surface trap was established, and synthetic effects of surface traps on surface flashover were studied. On the basis of experimental and simulation results, main conclusions are summarized as follows:
1) a ''U-shaped'' relation is established between surface flashover voltages and surface deep trap levels. The nanoparticles incorporation and electron beam irradiation samples are on the right side of ''U-shaped'' curves, while ozone treatment samples are on the left side. The surface deep trap levels of the lowest points of ''U-shaped'' curves are 1.010 eV and 1.016 eV in a vacuum and in SF 6 , respectively.
2) The reduced surface shallow trap level accelerates surface charge dissipation, while the increased surface deep trap level suppresses electron emission processes. Both surface trap behaviors reduce surface charge density and improve surface flashover performance, resulting in the ''U-shaped'' curves.
3) The discovery of the ''U-shaped'' curve reveals the synthetic effects of surface traps on surface flashover, while previous studies focused on one side of the curve. The ''U-shaped'' curves are appropriate for various gas species and voltage forms, and thus offer a promising route for improve surface flashover performance for high-voltage applications by tailoring surface trap characteristics with surface modifications. Fig. 3a describes a surface potential decay process for the Micro samples. Double exponential function was employed to fitting the SPD curve, and surface trap characteristics were analyzed by Simmon's theory. Generally, the charge density on a single trap level follows Femi-Dirac distribution. The double exponential function, and surface trap level and density were calculated in the following equation [6] , [35] :
In (3-5), (t) is surface potential at time t. A 1 , A 2 , x 1 , x 2 are parameters which related to surface trap density and level. L is sample thickness in m (1.5×10 −3 m), l is injected charge depth which is assumed to be 1 µm, V s (t) is surface potential at t in V. From (4) and (5) , surface trap energy and density were calculated in Fig. 3b .
C. MOBILITY ANALYSIS
Carrier mobility controlled by surface trap characteristics can be calculated by SPD curves. The mobility µ is described as [36] :
where, (t 0 ) is the primary SPD surface potential in V. The left part of (6) is controlled by both surface deep and surface shallow traps in (3), so the carrier mobility of deep and shallow traps can be calculated by (6) . Fig. 11 shows the carrier mobility of surface deep and shallow traps for the ozone treatment samples. As shown in Fig. 11 , the carrier mobility increases with ozone treatment duration, which indicates that conductivity increases with ozone treatment duration. Besides, the mobility of surface shallow traps is much higher than that of surface deep traps on the left side of the ''U-shaped'' curve. 
D. SURFACE CONDUCTIVITY
Surface conductivity of epoxy composites was conducted by a Keithley 6517 electrometer with a three-electrode structure and a 8009 resistance box. The conductivity was tested 8 times for each epoxy composite at 800 V. The surface conductivity was the averaged results, and the peak-to-peak values of the results is less than 20%.
The results show that the surface conductivity of the epoxy composites varied little with either nanoparticle incorporation aor electron beam irradiation, which indicate that surface dissipation process is not a crucial factor for surface flashover on the right part of the ''U-shaped'' curve. However, surface conductivity increases with ozone treatment time in Fig. 12a , the surface conductivity of 4 h samples is about 84 times that of Micro samples. Hence, surface dissipation is a crucial factor on the left of the ''U-shaped'' curve. The relation between surface flashover voltage and surface conductivity of epoxy composites treated by O 3 is shown in Fig. 12b . Fig. 13 is the surface flashover calculation model in our test. The surface flashover model is divided into the charge transport process in solid and gas. The model comprises many physical processes: 1) Applied voltage: DC and AC applied voltage: 
E. SURFACE FLASHOVER MODEL
where, V appl is voltage raise rate, t is the time, f is the AC frequency.
2) Charge injection:
The current injection equation:
where, j CTJ (e) (t) is the current density of inject electrons; A is Richard constant; T is temperature; E in(e) is the contact barrier; e is the electron charge; ε 0 is permittivity in vacuum. ε r is relative permittivity.
3) Electron conduction:
where, j sc(e) (x, t) is surface current density; n sf (e) (x, t) is the free charge density; µ s0(e) is the mobility for electron; F(x, t) is electric field. 4) Trapping and detrapping coefficient:
In the manuscript, the equation (1) and (2) 
where, P str(e) is the probability for electron capture; N st(e) is the trap density. 7) Detrapping dynamical equation:
where, P sde(e) is the electron detrapping probability; n st(e) is the density of trapped electrons. 8) Charge density in dielectric:
where, Q total (x, t) is charge density in dielectric. 9) Poisson's equation:
where, φ is surface potential. 10) Gas molecular mean free path:
where, λ is mean free path; N g is gas density, r is molecular radiu, P is gas pressure. 11) Collision ionization coefficient:
where, φ i is the ionization potential for gas molecule. 12) Current density in Gas:
where, γ is the cathode ionization coefficient. 13) Criterion:
where j c is the critical value for trigging surface flashover. 
